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The eletroni and optial properties of spherial nanoheterostrutures are studied within the
semi-empirial sp3s∗ tight-binding model inluding the spin-orbit interation. We use a symmetry-
based approah previously applied to CdSe and CdTe quantum dots. The omplete one-partile
spetrum is obtained by using group-theoretial methods. The exitoni eigenstates are then de-
dued in the onguration-interation approah by fully taking into aount the Coulomb diret and
exhange interations. Here we fous on ZnS/CdS, ZnS/CdS/ZnS and CdS/ZnS nanorystals with
partiular emphasis on reently reported experimental data. The degree of arrier loalization in the
CdS well layer is analyzed as a funtion of its thikness. We ompute the exitoni ne struture,
i.e., the relative intensities of low-energy optial transitions. The alulated values of the absorption
gap show a good agreement with the experimental ones. Enhaned resonant photoluminesene
Stokes shifts are predited.
The quantum onnement eets in semiondutor
nanorystals (NC's) or quantum dots (QD's) have been
investigated over the last two deades. A reent develop-
ment onerns nanoheterostrutures ontaining onen-
tri layers of two dierent semiondutors. The initial
idea of apping a NC with a shell of higher-gap (bar-
rier) material in order to redue the unontrolled sur-
fae eets has been extended to quantum-dot quantum-
well (QDQW) strutures with an inner layer of lower-gap
(well) material whih allow a greater ontrol over the op-
tial properties.[1℄ There are several examples suh as the
inlusion of a layer of HgS in a CdS NC [1, 2, 3℄, where
the lattie parameters of both ompounds are of similar
size (a = 5.851 Å for the β-HgS and a = 5.818Å for
the CdS). Reently, ZnS/CdS based QDQW's have been
synthesized [4, 5℄ with a larger lattie mismath (more
than 7 % , the ZnS lattie onstant being a = 5.409).
Some other ombinations have also been studied, suh as
CdSe/ZnS [6℄ or CdSe/CdS.[7℄
On the theoretial side, eetive mass approximation
(EMA) models were proposed [2, 8℄ without a full many-
body treatment of the Coulomb diret and exhange in-
terations. An atomisti theory was needed, however,
to adequately desribe a QDQW where the well an be
as thin as one monolayer. Very reently we proposed a
tight-binding (TB) model [9℄, whih is a generalization
of our previous work. This theory suessfully aounted
for the optial properties of CdSe [10℄ and CdTe [11, 12℄
NC's. Independently, Bryant and ollaborators have also
developed a TB approah. [4, 13℄ In ontrast with the
Bryant group, we inlude the spin-orbit interation, take
into aount the symmetries and obtain the full single-
partile spetrum before deduing the exiton states.
The Coulomb and exhange interations were already in-
orporated in our study of CdS/HgS/CdS QDQW's[9℄,
prior to the more reent work by Xie et al..[14℄ To our
knowledge, the present paper reports the rst TB al-
ulation of the low-energy exitoni states in CdS/ZnS
nanoheterostrutures. After a brief desription of the
theoretial model whih an be ompleted with our pre-
vious publiations [9, 10, 12℄, we present our main results
on ZnS/CdS, ZnS/CdS/ZnS and CdS/ZnS nanorystals,
inluding a omparison with the available experimental
data.
Our alulations are based on the semi-empirial TB
model for bulk semiondutors introdued by Vogl et al.
[15℄ and generalized by Kobayashi et al. to aount for
the spin-orbit interation.[16℄ In this model ve atomi
orbitals are used: s, px, py, pz, s
∗
. The phenomenolog-
ial s∗ orbital was introdued in order to simulate the
eets of d orbitals on the ondution bands. The in-
teratomi hopping matrix elements are restrited to the
nearest neighbors. The model is then desribed by a
total of 15 independent parameters. The CdS TB pa-
rameters used here are essentially those proposed earlier
by Lippens and Lannoo [17℄ whih we have slightly mod-
ied in order to inorporate the spin-orbit oupling. The
ZnS parameters are those alulated by Bertho.[18℄ As
for the band oset, following Ref. [4℄, the valene band
maximum of ZnS is set to 0 eV and that of CdS shifted
to +0.4 eV. The bulk gaps of ZnS and CdS are 3.7 eV
and 2.5 eV respetively.
We outline the method for deriving the symmetrized
TB Hamiltonian (see Ref. 12 for details). The NC's, of
roughly spherial shape, are onstruted starting from
a ation at the origin by suessively adding nearest-
neighbor atoms through tetrahedral bonding. We pas-
sivate the NC surfae by plaing a hydrogen s orbital
at eah empty nearest-neighbor site on the surfae dan-
gling bond so that the nal surfae states are several eV
far from the gap edges. Hereafter we use a simplied
notation: We write rco/rw/rcl to indiate that a NC is
built with a ore radius rco, with rw and rcl designating
the widths of the well and lad layers, respetively. The
lengths are all given in angstroms.
The single-partile TB Hamiltonian is redued to a
blok diagonal form by writing it in a symmetrized ba-
sis orresponding to the double-valued representations
2Γk (k = 6, 7, 8) of the Td point group.[19℄ This method
not only redues the size of the Hamiltonian to diago-
nalize, but also provides the exat symmetry lassia-
tion of the wavefuntions. One an thus dedue seletion
rules and related insights over the relative intensities of
optial transitions between the valene and ondution
states.[12℄ We then diagonalize the Hamiltonian and ob-
tain the full one-partile spetrum in a given nanostru-
ture: all the energy levels and eigenstates. We have also
alulated the spatial projetions of the density of states
(DOS) onto the ore, well and lad regions, when re-
quired, to study the inuene of the position and thik-
ness of dierent layers on the whole energy spetrum.
The optial properties onern exiton-like elemen-
tary exitations whih an be desribed in terms of the
Coulomb diret and exhange interations between the
eletron and hole. The total Hamiltonian an be written
as, [10℄
Hvc,v′c′ = (εc − εv)δvv′δcc′ − Jvc,v′c′ +Kvc,v′c′ , (1)
where εc, −εv are the eletron and hole energies, J andK
are the Coulomb and exhange interations respetively
(see Ref. 10 for more details). Note that we leave the e−h
exhange interation (K) unsreened up to the nearest-
neighbor site (primitive ell of the zinblende rystal),
in analogy with the unsreened short-range part in the
theory of bulk exiton.
The unsreened on-site Coulomb and exhange inte-
grals for anion (ation) are assumed to be Ucoul = 20(6.5)
eV and Uexch = 1(0.5) eV respetively. These values fol-
low roughly those obtained for CdSe and CdTe. [10, 20℄
The values for the S atom in CdS have been alulated by
means of a simple saling. We assume the same parame-
ters for ZnS. The nearest-neighbor exhange integrals are
assumed one tenth of the on-site ones. The permittivity
is taken as ǫ(∞): ǫ(∞) = 5.7 for ZnS and ǫ(∞) = 5.2
for CdS in single binary QD's. We take an average value
in ZnS/CdS, ǫ(∞) = 5.4. Stritly speaking, the diele-
tri onstant in a nanorystal is size-dependent and sub-
stantially redued with respet to the bulk low-frequeny
value ǫ(0). See, for example, Ref. [21℄, where a pseudopo-
tential alulation for CdSe nanorystals is presented:
The dieletri onstant inreases with inreasing size and
asymptotially approahes the bulk high-frequeny value
ǫ(∞). To our knowledge, no suh alulations are avail-
able for the present nanoheterostrutures nor even for
their omponents. We, therefore, assume an average of
the bulk high-frequeny values.
The large lattie mismath in the ZnS/CdS system is
expeted to lead to elastially strained strutures with
the relatively thin shell/well layers onforming to the
substrate lattie onstant.[4℄ Unfortunately, there is no
simple way of inluding this eet in our TB model. Pre-
liminary alulations suggest that a simple modiation
of the interatomi matrix elements alone, following the
Harrison saling rule for the bond length, is inadequate:
It yields a systemati inrease of the optial gap in the
ZnS/CdS and ZnS/CdS/ZnS strutures onsidered here
by 10-30 %. The eet is, of ourse, qualitatively inverse
in CdS/ZnS. A more rened modelization sheme for
strutural distortion involving the diagonal matrix ele-
ments (see, for example, Ref.[22℄) seems neessary. Work
is in progress in this diretion and will be reported else-
where. The results presented below have been obtained
by negleting the strain eets.
In Fig. 1 we show the total density of states for some
ZnS, CdS and ZnS/CdS/ZnS NC's. It an be seen how
the projetion of DOS onto the CdS well quikly grows
when one and two monolayers are added. A monolayer
yields a CdS well projetion, almost equivalent in size
and energy distribution, to the ore ZnS projetion. The
addition of a seond layer leads to a CdS well proje-
tion whih is muh larger than the orresponding ZnS
projetion. Interestingly, the size of the gap is governed
essentially by the ZnS properties. We also look at the
radial distribution of harge orresponding to the eigen-
states. We an see the numerial values of the probabil-
ity of presene of eletron and hole in the LUMO and
HOMO in Table I for several ases. The idea behind the
omparison is to investigate the role of the suessively
added CdS layers. Both the eletron and hole show an en-
hanement of their presene in the well region; the eet
is more pronouned for the hole. When two CdS layers
are added the hole is essentially trapped in the well. In
Table II we show the two highest valene (HOMO) and
two lowest ondution (LUMO) levels. The ZnS single-
partile spetrum presents an intrinsi degeneray whih
is the onsequene of the absene of spin-orbit oupling:
When a level is Γ7 − Γ8 degenerate its orbital symme-
try is Γ5, beause the spin-1/2 representation is Γ6 and
Γ5 × Γ6 = Γ7 + Γ8. Similarly, the degeneray Γ6 − Γ8
indiates that the underlying orbital symmetry is Γ4.
The exitoni spetrum is alulated by diagonalizing
the exiton Hamiltonian in Eq. (1) in the onguration-
interation method with as many valene and ondution
states as neessary to reah numerial onvergene. The
relative intensities of optial transitions are next om-
puted by following the proedure desribed in Ref. [10℄.
In order to disuss the available experimental data, let
us rst note that in QDQW strutures like CdS/ZnS:
in Ref. [5℄ the dispersion for dots with a mean diam-
eter of 58 Å is σ = 9 Å. On the other hand, in small
nanorystals, theoretial results show big jumps in the
energies when one adds just one or two shells to a given
NC: See Table II. Our proedure to x the adequate
size for a given set of experimental data [4℄ is as follows:
We rst analyze several NC's of sizes diering by one or
two atomi shells around the experimental size and retain
three suh strutures yielding a good agreement with the
experimental values of size and optial absorption gap.
The proedure is illustrated in Fig. 2: We show the ne
struture of absorption for three dierent ZnS NC's of
around 20 Å diameter. We an see that the experimen-
tal onset from [4℄, indiated by a vertial dashed line, is
in good agreement with our results if we remember that
the onset must have a nite width. Note that the sues-
3sive sizes in Fig. 2 orrespond to the addition of single
atomi shell. In Fig. 3 we show the ne struture of
a series of QDQW's based on a ZnS ore of radius 7.2
Å. The experimental values are given in the gure ap-
tion. Finally, it is worth mentioning that the predited
photoluminesene Stokes shift is enhaned by the pres-
ene of the barriers. In partiular, the Stokes shift in the
R = 14.8 Å CdS NC is 12 meV, whereas the 7.2/5.9/2.6
QDQW, even slightly bigger in size, shows a shift of 53
meV.
In Fig. 4 we show a omparison between ZnS and CdS
ores with ZnS/CdS and CdS/ZnS ore-shell strutures.
The results are in aord with the experimental data of
Ref. [4℄: The absorbane hanges little between CdS
and CdS/ZnS in the low-energy region, but the hange
is drasti between ZnS and ZnS/CdS. The former result
has to do with a surfae that is already fully passivated
so that a thin barrier shell enhanes the loalization only
slightly. On the other hand, in ZnS/CdS, the outer shell
is a well and the spatial distributions are drastially mod-
ied, leading to a dierent absorption spetrum.
To onlude, we have studied the eletroni struture
and optial properties of spherial nanoheterostrutures
based on ZnS and CdS within a symmetry-based tight-
binding approah. The full single-partile spetrum, the
low-energy exitoni states as well as the relative intensi-
ties of optial transitions are alulated. A areful analy-
sis of the spatial distribution of the DOS and the HOMO
and LUMO wavefuntions reveals that only two mono-
layers of CdS sue to trap both the eletron and the
hole in the well. Our prinipal results onern the exi-
toni ne struture yielding the absorption gap and the
resonant photoluminesene Stokes shift. Their size and
omposition dependenes have been analyzed on a mono-
layer sale. We obtain a satisfatory agreement with
the available experimental values of the absorption on-
set without using any adjustable parameter. The pre-
dited Stokes shifts indiate a strong enhanement in the
nanoheterostrutures as ompared to simple nanorys-
tals.
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4rco/rw/rcl Core Well Clad
7.2/3.2/0.0 0.592(0.323) 0.383(0.671 0.0(0, 0)
7.2/5.9/0.0 0.322(0.118) 0.659(0.879) 0.0(0.0)
7.2/2.7/2.9 0.419(0.171) 0.328(0.590) 0.241(0.237)
7.2/5.9/2.6 0.211(0.046) 0.623(0.663) 0.158(0.289)
Table I: The probability of presene of eletron(hole) in the
LUMO(HOMO). The ore radius and the well and lad widths
are given in the rst olumn for eah ase (in angstroms).
rco/rw/rcl (Å) H1 (eV) H2 (eV) L1 (eV) L2 (eV)
10.1/0.0/0.0 −0.322(8, 7) −0.378(8, 6) 4.251(6) 4.598(7, 8)
7.2/3.2/0.0 −0.156(8) −0.167(6) 3.995(6) 4.291(8)
7.2/5.9/0.0 0.056(8) 0.036(6) 3.662(6) 3.922(8)
7.2/2.7/2.9 −0.046(8) −0.058(6) 3.844(6) 4.112(8)
7.2/5.9/2.6 0.188(8) 0.166(6) 3.574(6) 3.809(8)
0.0/14.8/0.0 −0.247(8) −0.256(8) 2.988(6) 3.335(8)
Table II: ZnS/CdS/ZnS: Energies of the two highest (lowest)
oupied (unoupied) moleular orbitals, denoted by H1, H2
(L1, L2). The symmetry index n designating Γn is shown in
the parenthesis. The size and omposition are given in the
rst olumn.
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6Figure 1: Density of States for three NC's. Top: DOS in a ZnS QD of radius R = 10.1 Å. Middle(bottom): A ZnS/CdS
nanorystal with a ore of R = 7.2 Å and one (two) CdS monolayer (s). In the middle and bottom gures the shaded region
orresponds to the DOS projeted onto ZnS ore region and the solid line to the DOS projeted onto the CdS well region.
Figure 2: Exitoni ne struture in ZnS QD's. The experimental absorption onset is indiated by the vertial dashed line. We
show three similar sized QD's of around 10 Å in radius.
Figure 3: Exitoni ne struture in QDQW's. The ore radii and shell thikness are all given in Å. The respetive experimental
absorption onsets are: (a) 3.85 eV, (b) 3.55 eV, () 3.76 eV, (d) 3.45eV.
Figure 4: Exitoni ne struture in ore and ore-shell nanostrutures. The ore radii and shell thikness are all given in Å.
